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Electrochemical Signature of Escherichia coli on Nickel
Micropillar Array Electrode for Early Biofilm
Characterization
Solange E. Astorga,[a, b] Liang Xing Hu,[c] Enrico Marsili,*[b, d, e] and Yizhong Huang*[a]
Biofilms are sessile microbial communities living at interfaces, in
which the extracellular matrix is responsible for the mechanical
stability and adhesion to surfaces. Transition from planktonic to
attached cells is a key step in the biofilm formation process.
Monitoring of this transition is needed to prevent contamina-
tion of biomedical devices and mitigate microbially influenced
corrosion. Under anoxic local conditions and in the presence of
an exogenous redox mediator, biofilms can divert part of the
electron flow associated with catabolism to electrodes main-
tained at a defined potential. Extracellular electron transfer
(EET) follows upon the attachment of planktonic cells to the
surface. Modification of the electrode increases bacterial attach-
ment, thus allowing early bioelectrochemical detection of the
biofilm. Here, we report a Ni electrode micropillar array to
detect early attachment of Escherichia coli biofilm through
mediated EET in potentiostat-controlled electrochemical cells.
The biofilm-surface interaction is studied by using electro-
chemical impedance spectroscopy (EIS) at different potentials
and temperatures over 24 h. The analysis of the EIS signature
highlights the effect of temperature on mediated EET in
biofilms. These results demonstrate that micropillared electro-
des allow earlier biofilm detection than flat electrodes, which is
relevant to biofilm sensing and investigation of microbially
influenced corrosion in drinking water systems and biomedical
devices.
1. Introduction
Biofilms are microstructured bacterial communities living at
interfaces, encased in a self-produced extracellular matrix,
composed of proteins, carbohydrates and extracellular DNA.[1]
The biofilm matrix is responsible for the mechanical stability
and adhesion to surfaces.
Extracellular matrix allows nutrient capture and immobiliza-
tion of small metabolites, thus reducing the diffusional
limitations in biofilms. Transition from planktonic to attached
cells is a key step in the biofilm formation process and accurate
monitoring of this transition is needed when assessing contam-
ination of biomedical devices and microbially influenced
corrosion.[2] Biofilm grown on redox-active surfaces and electro-
des maintained at a defined potential are termed electroactive
biofilms (EAB), as they produce a current output, which is
correlated to their catabolic activity. Under local anoxic or
anaerobic conditions, part of the electron flow can be diverted
to the electrode surface via extracellular electron transfer (EET)
process, which occurs through three mechanisms: i) direct
contact biofilm/electrode through transmembrane cytochrome
complexes,[3,4] ii) conductive pili-like appendages (i. e., nano-
wires) that connect the cell with the electrode surface,[5,6] and
iii) mediated electron transfer via microbially produced or
exogenous redox-active agents through a redox gradient.[7–9]
Recent studies have shown that the mechanism iii) can be
elicited in both single-species and microbial consortia, under
favorable experimental conditions (e.g., local anoxic conditions,
oxidative electrode potential and exogenous redox
mediators).[10] The contribution of MET to overall EET in S.
oneidensis MR-1 was measured at 70%.[11] It was also shown
that Bacillus subtilis RH33 can use riboflavin produced by S.
oneidensis MR-1 to enhance EET in synthetic microbial
consortia.[12] However, it is still unclear if microbially-produced
flavins contribute to EET in cytochrome-bound rather than in
free form.[13] These and other examples, recently reviewed by
our group[14] suggest that both DET and MET contribute to
overall EET in mixed microbial consortia.
While several details of EET are still unclear, the electro-
chemical principles of this phenomenon have been generally
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accepted. Emergence of EET in bacterial cultures correlates with
early biofilm formation, as bacteria transition from planktonic
into sessile state. At this point, the electron-carrying mediators
are either adsorbed in the biofilms or at the interface, in few
micrometers (μm) thickness. Thus, their local concentration
increases, and diffusional limitations of the mediator become
less relevant, which leads to increased EET rate.
The EET increases as the EAB grows, but early biofilm
formation is sufficient to produce a bioelectrochemical re-
sponse. Although timescale of early biofilm formation changes
with the microbial species and the environmental conditions,
biofilm grow faster in laboratory conditions where the biofilm
structure is established in shorter time. E coli biofilms can be
obtained in time ranging from few hours to few days, depend-
ing on the genetic make-up of the strain used.[15] Matrix
formation occurs also in the first stages of biofilm life cycle, for
example fibril formation in E. coli occur within hours as biofilm
expands[16] A mathematical model for E. coli biofilm growth
under optimal conditions shows growth of biofilms in
24 hours.[17] Overall, we can state that biofilm grown over 24 h
in defined media and under laboratory conditions can be
considered as early/intermediate.
Detection of early EAB is relevant to drinking water systems
and biomedical applications. While it is well known that biofilms
are more virulent than planktonic cells, there are evidences of
convergence between electroactivity and virulence, which open
novel possibility in biofilm control and biomedical
applications.[18] Surface structure determine initial biofilm
attachment,[19–21] in which biofilm formation is enhanced by
nano- and micro- roughness modifications. However, large
microstructures increase diffusional limitations for the transport
of nutrient and redox mediator from bulk solution in the
biofilms, thus the cell attachment and EET rate does not
correlate linearly with the microstructure.[22] Controlled rough-
ness on the electrode can be achieved using microelectrome-
chanical techniques like lithography for a systematic study of
biocompatible electrodes with size-controlled micro-features
dimensions.[23,24]
The electrode material affects biofilm electroactivity, as
surface resistance and biocompatibility determine the current
output and the biofilm attachment, respectively. Most bioelec-
trochemical studies have been carried out on inert electrodes of
carbon materials, such as graphite. While graphite is an
excellent biocompatible material, its conductivity is much lower
than metals relevant to early biofilm attachment. Gold present
higher conductivity and lower resistivity, however it is an
expensive material and cheaper options like graphene are
preferred.[25] Nickel (Ni) is a low-cost option with a broad range
of industrial applications. Previously, Ni foam was used as
substrate for biofilm growth in BES, with good current output.[26]
Biofilm can slowly solubilize Ni from orthodontic equipment[27]
and Ni ions will promote the biofilm formation at sub-toxic
concentrations.[28] Interestingly, Desulfovibrio desulfuricans bio-
film formation is faster on Ni than on stainless steel, likely
because the partial solubilization of Ni increases the availability
of this key micronutrient.[29] To our best knowledge, the
electrochemical characterization of early biofilm formation on
Ni microstructured electrodes has not been reported.
Here we report a fabricated Ni electrode micropillar array to
detect early formation of Escherichia coli biofilm through
mediated EET in potentiostat-controlled electrochemical cells. E.
coli was chosen as biofilm-forming microorganism as it is
relevant to environmental monitoring, lacks a well-defined EET
system and has shown repeatable electrochemical signature in
our previous study, when grown on screen printed glassy
carbon electrodes.[30] The E. coli biofilm-electrode surface
interaction was monitored using EIS across a broad range of
potentials at 23, 30 and 37 °C over 24 h. The micropillared
electrodes showed a higher EIS signature than the flat ones,
thus enhancing detection of early biofilm formation. These
results are relevant for biofilm sensing and investigation of
microbially influenced corrosion.
2. Results and Discussion
The successful fabrication of the small aspect to ratio Ni ordered
micropillar structure array electrodes was demonstrated by field
emission scanning electron microscope (FESEM) images (Fig-
ure 1). The size and distance of the micropillars were designed
in accordance with the E. coli dimension, which present a rod
shape of 2 μm long with 0.5 μm diameter in the average cell.
The pillar diameters were 4 and 2 folds (e.g., 8 and 4 μm) larger,
thus ensuring a higher contact area for the bacteria and protect
them from the shear forces, which, in turn, favors biofilm
formation.[31] Previous study shows that bacteria establish at the
foot of the pillar at microstructured electrode,[22] therefore the
height of the pillars was designed based on 2 folds (e.g., 1 μm)
of the average height of bacteria to increase both surface area
and biofilm attachment.
The current output measured over 24 h at 0.4 V vs. Ag/AgCl
under stirring conditions shows similar trends for the early
biofilm attachment on micropillared Ni8 and Ni4, and flat Ni
electrodes (Figure S3a). The results were averaged across four
independent biological replicates (n=4). The current output
remained approximately steady after 14 hours and was 2.15�
0.47 μAcm  2 for the Ni8, 1.25�0.37 μAcm  2 for the Ni4, and
2.08�0.39 μAcm  2 for the flat electrodes. Therefore, the current
output alone did not correlate with the surface area of the
Figure 1. FESEM images of the Ni micropillar array electrode, lower
secondary electron (LEI) mode. Top view, magnification 1800x, 2 kV; a) Ni4:
4 μm diameter pillar; b) Ni8: 8 μm diameter pillar.
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electrodes. The cumulative charge output (i. e., the integral of
current output over time) shows a higher value for the flat
electrode (Figure S3b), which is due to the slow capacitive
discharge of the flat electrode with respect to the micropillared
electrodes. Control experiments without bacteria show no
current output, confirming the electrochemical signature is due
to microbial respiration and not to abiotic reduction of 2-
hydroxy-1,4-naphthoquinone (2-HNQ).
The current output measured under stirring conditions at
23 °C was poorly repeatable, as indicated by the large
coefficients of variation, 32.5% and 25.7% for Ni4 and N8,
respectively (n=4). This is a common observation in biofilm
electrochemistry experiments and microbial fuel cells.[32] How-
ever, there is very little literature on chronoamperometry (CA)
of initial biofilm formation under stirring vs. non-stirring
conditions. In our previous study, we have shown that Enter-
ococcus faecalis grown under non-stirring conditions rapidly
consume oxygen, thus increasing current output average and
decreasing its coefficient of variation, if high concentration (1–
2 mM) of exogenous redox mediator is used.[18] Therefore, we
adopted non-stirring conditions to obtain a more reproducible
electrochemical signature of early biofilm attachment. Biofilm
electrochemical sensors can be implemented in the field under
non-stirring conditions, e.g., through a side-stream or any other
configuration in which flow rate is minimal.[33] In all the
experiments, we inoculated bacteria at optical density (OD600)
close to their maximum value. Interestingly, the OD600 measured
at 24 h is decreased by ~20% in comparison with the initial
OD600 (Figure S4) for all the electrodes, without significant
differences. This can be due to either the nutrient exhaustion or
the pH drop, which in turn depends on the accumulation of
volatile fatty acids produced during the fermentation. In most
batch bioelectrochemical experiments previously reported,[34,35]
the initial OD is much lower, and bacteria grow together with
the current output following a Monod-like trend. These experi-
ments show the combined effect of bacterial growth and
biofilm formation on the current output. Conversely, experi-
ments with large initial cell concentration like those reported
here allows the deconvolution of the effect of growth from that
of biofilm formation and highlight the effect of microstructure
on the current output. We have recently validated this method-
ology for E. coli in a bioelectrochemical sensor setup.[30]
The CV was recorded at inoculation time (t=0) and 24 h
later (Figure S5) in the potential range   400 mV to 400 mV, to
avoid damaging the microbial membrane.[36] At inoculation
time (t=0) the remaining oxygen, dissolved in the medium,
produces a cathodic current at low potential E <   200 mV.[37] In
absence of biofilms and in presence of oxygen (O2), the redox
peak of 2-HNQ was not observed, which is expected since the
2-HNQ reduction is very slow without bacteria. After 24 h, the
O2 was consumed by the bacteria and the CV was recorded
under anoxic conditions. The small oxidation peaks observed, at
approximately 0 V and 0.2 V vs Ag/AgCl did not differ
significantly between Ni4, Ni8 and flat electrodes. Therefore, we
conclude that CV was not sufficiently informative under the
experimental conditions adopted.
The transition from planktonic cell to biofilm can be
monitored using electrochemical impedance spectroscopy at
fixed electrode potential (PEIS), as the impedance depends on
the structure and composition of the biofilm/electrode
interface.[38] The PEIS characterization returns the charge trans-
fer resistance Rct and the pseudo-capacitance Q of the biofilms,
thus complementing CV and CA techniques. The EIS at 23 °C
under stirring conditions at different times (Figure 2) shows the
increase of impedance with time in both electrodes. However,
the impedance of Ni8 is lower than Ni4, indicating a higher EET
rate in the biofilms grown on Ni8. FESEM of Ni4 and Ni8 show
good biofilm formation in both cases (Figure S6).
Prior to modeling with equivalent circuit, the EIS exper-
imental data were fitted with ISGP[39] to determine the
distribution function of relaxation times (DFRT) and the
corresponding number of time constants. Following this
analysis, a two time constant equivalent circuit (Scheme 1) was
used to fit the EIS data, in which R1 is the ohmic resistance of
Figure 2. Nyquist plot of biofilms grown on Ni4 (left) and Ni8 (right) thin film
electrodes at different times. Ni8 shows a lower and constant impedance
after the initial capacitive discharge.
Scheme 1. Equivalent electrical circuit used to fit the impedance of E. coli
biofilm on Ni thin film electrodes, together with physical interpretation of
the circuit elements for a complementary understanding (adapted from Ref.
[35]).
Articles
4676ChemElectroChem 2019, 6, 4674–4680 www.chemelectrochem.org © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
Wiley VCH Dienstag, 10.09.2019
1917 / 146911 [S. 4676/4680] 1
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
the bulk solution, Q2 and α2 represent the constant phase
element (CPE) that describes the pseudo-capacitance of the
solution-biofilm interface, and R2 is the resistance to charge
transfer Rct at the same interface. Similarly, Q3 and α3 represent
the CPE that describe the pseudo-capacitance of the biofilm-
electrode interface, and R3 is the resistance to charge transfer
Rct at the same interface. These results are consistent with
previous studies, which report lower impedance when the
active surface is increased.[40] To our best knowledge, this is the
first EIS study of E. coli early biofilm formation on Ni thin film.
However, uneven stirring in electrochemical cells causes low
repeatability of the results and do not allow meaningful
comparison between electrodes of different microstructures.
Therefore, experiments under static conditions were carried out,
which have been shown to be informative in our recent work
on weak electroactive biofilms.[18]
EET in EAB is obviously potential-dependent, thus it makes
sense to include potentials in the parameters of impedance
spectroscopy, in addition to time, temperature and stirring. EIS
at different potential sheds light on both biofilm-electrode
interactions (e.g., mediated EET) and abiotic effect (e.g.,
passivation and dissolution of Ni thin film at high potential).
Impedance spectroscopy allows also to monitor the behavior of
biofilm in terms of its capacitance, which has been recently
exploited for rapid biomass monitoring.[41]
EIS at different potentials has been used to study the kinetic
reactions in analytical electrochemistry for the non-stationary
interfaces with faradaic process and in corrosion process.[42,43] It
was also used to show EET between Shewanella oneidensis
biofilms and semiconductor iron oxide substrate.[44] The experi-
ment was set for EIS characterization in the potential range
between   200 and 400 mV vs. Ag/AgCl with 50 mV steps. The
experimental data was fitted using the equivalent circuit model
described in Scheme 1. Among the seven parameters of the
model, charge transfer resistance in the biofilms Rct show the
greatest change with time, temperature, and stirring, as
expected, and was plotted against the potential for all the
experimental conditions tested. The measurement was done at
three time points: inoculation (t=0 h), 8 h, and 24 h.
Impedance under stirring and non-stirring condition at 23 °C
was measured for Ni8, Ni4, and flat electrode. The stirring was
maintained at all time except during the actual EIS measure-
ment to avoid interference. The data at all potentials were
binned and plotted to determine the effect of stirring on the Rct
of the biofilms. The greatest effect of stirring was observed at
8 h (Figure 3), when the Rct of the stirred biofilms was lower
than that of the unstirred experiments. This suggest the
formation of a thinner and denser biofilm under stirring
conditions.[45] Electrochemical methods are not sufficient to
inform about the biofilm structure, and future work should
include microscopy imaging to strengthen the correlation
between dynamic/static conditions and biofilm structure. How-
ever, there was no significant difference between the three
microstructures, likely because of the low repeatability of the
results under stirring conditions. The same graph at 0 and 24 h
do not show any difference between stirred and unstirred
experiments (Figure S8). These results suggest that EIS measure-
ments of mediated EET should be carried out at the time of
maximum biofilm activity to obtain the best result, rather than
under nutrient depleted conditions (t=24 h). Stirring ensures a
homogeneous media and changes both anaerobicity and
nutrient delivery at the biointerface, which generates a
favorable environment for the bacteria to grow.[46] Although
non-stirring condition reduce the signal-to-noise ratio in our
setting, it increases the nutrient gradients in the system, thus
slowing down the bacteria growth and increasing Rct at the
biofilm/electrode interface. Overall, the effect of stirring on EIS
is larger than that of the microstructure, which suggests using
non-stirring conditions for accurate impedance measure.
It is well-known that incubation temperature changes the
growth rate of bacteria in batch culture, as described by the
complete Monod equation. It is less understood how temper-
ature affects the final optical density of a microbial culture. Early
research shows that this dependency is very small, except for
low and high T, where bacteria do not grow at all.[47] The
changes in the electrochemical signature of the biofilms at
different temperature are due to either higher biofilm formation
rate or higher metabolic rate, which in turn correspond to faster
turnover of 2-HNQ between its reduced and oxidized form. The
three temperatures selected for this study were equally spaced.
Also, experiments at 23 °C follow the standard room temper-
ature, although the E coli growth rate is slower. Since the
experiments were conducted in a tropical city with an average
environmental temperature of 30 °C, it corresponds approx-
imately to that encountered in wastewater treatment plants. It
is expected the effect of electrode microstructure will be higher
as the growth temperature reaches its optimal value, which is
approximately 37 °C. Further experiments at higher temperature
and with biofilm mutants will help separating the effect of
temperature on biofilm formation from that due to metabolic
activity.
Figure 3. Rct comparison between stirring and non-stirring conditions at
23 °C at 8 h. Data at all potentials from   200 to 400 mV in 50 mV steps were
binned. Results show that the Rct value under stirring conditions was lower
than under non-stirring conditions, owing to a change in biofilm assembly/
structure.
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The SPEIS was measured at three time points 0 h (inocu-
lation time), 8 h, and 24 h. Results show that increasing the
temperature from 23 to 37 °C results in a much higher Rct at the
biofilm-electrode interface for both microstructured and flat
electrodes. The Rct calculated from SPEIS shows two features at
0 and 350 mv vs. Ag/AgCl, respectively. The earlier is most
evident at 8 h. Figure 4 shows the Rct for the Ni8 at 37 °C. The
results for Ni4 show a similar pattern. Interestingly, the pseudo-
capacitance of the biofilm/electrode interface does not show
any well-defined trend with the growth temperature or time.
The effect of microstructure on Rct is maximum at 37 °C and at
the potential of approximately 0 V vs. Ag/AgCl, which corre-
sponds to the highest biofilm contribution (Figure 4). At 24 h,
the Rct at 0 V vs. Ag/AgCl is smallest for Ni8, indicating biofilm
formation and 2-HNQ turnover. The feature of Rct at high
electrode potential may correspond to the electrochemical
activity of other components of the system rather than 2-HNQ.
In fact, previous research has shown the production of
endogenous mediators in E. coli grown on electrodes at
oxidizing potentials such as hydroquinone derivatives[48] and
other unidentified polar compounds[49]
The binned data shows that Rct is lower for Ni8 than Ni4 in
most cases across the whole potential range (Figure S8). This
effect is explained mainly by the biofilm growth on the
electrode since the planktonic OD600 measured for Ni4 and Ni8
is approximately the same (Figure S9).
3. Conclusions
Successful fabrication of Ni micropillars electrode leads to a
better understanding of the EET in E. coli early biofilms using
electrochemical characterization. Small change in the micro-
pillar aspect-ratio determine a detectable change in the electro-
chemical impedance of the biofilm/electrode interface, partic-
ularly the charge transfer resistance, across different potential
and at several growth temperatures. The impedance change
was observed within few hours from inoculation, confirming
this method is adequate to investigate early biofilm formation,
particularly on conductive thin film metal surfaces.
Experimental Section
Two patterned micropillar features electrode were fabricated:
cylindrical micropillar Ni structures of 4 μm (Ni4) and 8 μm (Ni8)
diameter, and flat electrode for comparison. The distance between
the pillars was 20 μm from center to center. The pillar height was of
1 μm approx. The total surface calculated for 1 cm2 electrode was
1.03 cm2 for Ni4, 1.06 cm2 for Ni8, and 1 cm2 for flat Ni-coated.
Supplementary Figure S1 shows a schematic diagram of the
electrode surface top view.
The patterned micropillar Ni electrode was fabricated using photo-
lithography. The fabrication started with a 4-inch silicon (Si) wafer
that was first rinsed in 90% sulfuric acid (H2SO4) solution at 120 °C
for 25 min to ensure a clean surface. Then, 50 nm thick nickel (Ni)
layer was deposited on the Si wafer surface by e-beam evaporator
(Supplementary Figure S2, step 1) (EDWARDS FL 400, Germany).
The wafer was then coated with hexamethyldisilazane (HMDS) in a
Delta 150VPO prime oven to enhance the photoresist adhesion to
the wafer (Yield Engineering System, Inc, USA). Thereafter, 1.5 μm
thick AZ 7217 photoresist was spin-coated on the Ni-deposited
wafer (Supplementary Figure S2, step 2) (AZ electronics materials,
Singapore). The wafer was then transferred to the photolithography
stage of the mask-aligner for the 365 nm wavelength ultraviolet
(UV) light exposure, for 5 s (Supplementary Figure S2, step 3). The
UV light through the mask selectively hardens parts that will not be
removed at the developing step. The exposed wafer was then
developed in AZ 300MIF developer solution (AZ electronics
materials, Singapore) to form the expected pattern (Supplementary
Figure S2, step 4). After the development step, the micropillar array
pattern was observed on the wafer. Finally, the micropillar
patterned wafer was coated with another 50 nm thick Ni layer using
the previously mentioned e-beam to increase electrical conductivity
(Supplementary Figure S2, step 5). After the fabrication, the wafer
was cut in 1 cm by 1 cm pieces and stored at 23 °C until use.
E. coli K12 (DSMZ GmbH) was grown in Luria Bertani (LB) broth at
low sodium chloride for 15 h at 37 °C in a shaker incubator at
200 rpm. Following centrifugation at 6000 rpm for 5 min at 23 °C,
the pellet formed was washed with PBS three times to eliminate
residual nutrients and impurities. The cells were then re-suspended
in fresh LB at OD600=0.4 to ensure the homogeneity of the
culture[50,51] and incubated again for 2.5 h at 37 °C. After that, the
biomass was centrifuged and washed as described earlier. The
biomass pellet was dissolved in 10 mL of 3-(N-morpholino)propane-
sulfonic acid (MOPS 1x) and the optical density was adjusted to
OD600=0.7. The bacterial suspension was placed into the electro-
chemical cells and 50 μM of 2-hydroxy-1,4napthoquinone (2-HNQ)
was added as redox mediator.[30]
The three-electrodes electrochemical cell comprises of Ag/AgCl as
reference electrode (RE) (AIDA company, China), Platinum (Pt) wire
as counter electrode (CE), and the customized Ni micropillar array
as working electrode (WE), which was held by a PTFE jacketed
electrode holder. The electrochemical cell was an 11 mL glass vial
with a Teflon lid, and sealed with Parafilm film (Bemis company,
Inc, USA). The vials were connected to a VSP multichannel
potentiostat (Bio-Logic, France). For the stirred experiments, a
magnetic stirrer was used at 23 °C. The non-stirring experiments
Figure 4. Rct from EIS at different potential at 37 °C of temperature under
non-stirring conditions for Ni8. The EIS spectrum shows two features at 0
and 350 mV, respectively. The earlier becomes more evident as the growth
temperature increases. Each measure is the average of at least two
independent biological replicates (n=2).
Articles
4678ChemElectroChem 2019, 6, 4674–4680 www.chemelectrochem.org © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
Wiley VCH Dienstag, 10.09.2019
1917 / 146911 [S. 4678/4680] 1
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
used metallic beads bath to control the temperature (Elite Dry Bath,
EL-02, Major Science, USA). At least two independent biological
replicates (n=2) were tested for each experimental condition
unless otherwise stated.
The electrochemical tests include CV, CA, and EIS. In Experiment set
#1 (see Table S1), CV was carried out without stirring immediately
after inoculation (t=0 h) and after 24 h. CA was measured
continuously for 24 h under stirring conditions at 0.4 V vs. Ag/AgCl.
In Experiment set #2, EIS was measured at 0.4 V vs. Ag/AgCl at time:
0, 2, 4, 6, 21, 23 h at room temperature (23 °C). In Experiment set
#3, staircase EIS was measured at   0.2 to 0.4 V (50 mV steps) at
time: 0, 8, 24 h at room temperature (23 °C) At all other times, the
electrochemical cells were maintained under stirring conditions. In
Experiment sets #4-6, the bioelectrochemical cells were maintained
without stirring at all time. Staircase EIS was measured at 23, 30,
and 37 °C in the potential range   0.2 to 0.4 V (50 mV steps) vs. Ag/
AgCl at 0 h, 8 h, and 24 h.
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